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Abstract

:

Antennas with multifunctional capabilities integrated into a single device that demonstrates a high performance are in demand, and microstrip antennas with quadband coverage are very useful for a wide range of mm-wave applications. Antennas and propagation at mm-wave frequencies, on the other hand, poses several challenges which can be overcome by applying performance enhancement techniques to meet design objectives. This article presents the use of a binary-coded genetic algorithm for developing an improved quadband mm-wave microstrip patch antenna. The patch shape was optimized by dividing a conducting surface into 6 × 6 tiny rectangular blocks. The algorithm generated the solution space by introducing conducting and nonconducting features for each radiating cell on the patch surface and then greedily searched for the best-fitted individual based on the cost function. With the combination of High-Frequency Structure Simulator (HFSS) and MATLAB, candidate antennas were iteratively modeled by applying the suggested algorithm. The optimized antenna resonated at four frequencies centered at 28.3 GHz, 38.1 GHz, 46.6 GHz, and 60.0 GHz. The antenna realized a peak broadside directivity of 7.8 dB, 8.8 dB, 7.3 dB, and 7.1 dB, respectively, with a total operating bandwidth of 11.5 GHz. The research findings were compared with related works presented in the literature and found that the optimized antenna outperformed them in terms of bandwidth, directivity, and efficiency.
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1. Introduction


There is no doubt that wireless communication is one of the fastest-growing and most dynamic areas in the telecommunications industry. In particular, mobile communication has evolved significantly before reaching the current generation. Despite the fact that high data rate demands in mobile broadband were met by the LTE released technology, the exponential growth of data rate requirements has been driven by the dynamically vast number of wireless devices. In these communication technologies, more and more bandwidth-intensive applications are emerging. Millions of wireless devices, including HD TVs, cameras, laptops, household appliances, smartphones, sensors, video surveillance systems, wearable devices, and robots, will be able to connect, with an exponential growth expected soon. Simultaneously, technologies related to smart grids, smart cities, virtual reality, the Internet of things (IoT), machine-to-machine communication, autonomous driving, and e-health are emerging [1]. These new and developing technologies need tremendous bandwidth to enable the simultaneous movement of massive volumes of data. Because of bandwidth constraints, the existing microwave spectrum does not include all of these elements, but millimeter wave (mm-wave) frequencies offer ample capacity and are projected to meet such high-end needs.



The mm-wave frequency band offers the required bandwidth for these applications. However, this band has a myriad of difficulty, including significant propagation losses, blockages, and atmospheric losses [2]. Since an antenna is essential for any wireless link and its operational effectiveness is greatly dependent on the design, the antenna design community has made significant advances in technology to fulfill the ongoing demand of consumers by addressing associated issues and concerns. Aside from these concerns, while considering mobile and sensor network devices in mm-wave communication, the proposed antenna must be energy efficient and function with minimal energy [3]. Antennas for mm-wave signal propagation should be high-gain and directional from both user equipment and base station terminal to avoid shadowing losses, path losses, and multipath fading for successful mm-wave communication [4]. Furthermore, wide-bandwidth antennas are also necessary for the optimum usage of the available spectrum in the mm-wave band, which will provide a high data rate [5]. Thus, it is vital to work on the optimization of antenna technology in order to overcome the propagation challenges and maximize the multifunctionality, bandwidth, gain, and directivity of mm-wave antennas [6].



In recent years, several research articles have reported on mm-wave antenna design for the fifth-generation network devices. These antenna devices must have a low profile, planar construction, and multiband capabilities. Microstrip patch antenna technology has become an appealing alternative, because of its low profile, cheap cost, simple configuration, and ease of fabrication [7]. Traditional microstrip patch antennas, on the other hand, have a limited bandwidth, low gain, and poor directivity [8,9]. Extensive research has been done to enhance the performance of microstrip antennas in terms of bandwidth, gain, and directivity by various mechanisms. Stacked-based wideband microstrip antennas for 5G and 6G applications using particle swarm optimization were presented [10]. In reference [11], a circularly polarized omnidirectional patch antenna was proposed for 5G machine-to-machine communication. For patch antenna performance enhancement, a square-shaped metasurface was mounted above the radiating patch [12]. To boost spectral efficiency, a switchable beam for mm-wave communication was proposed by integrating PIN diodes at the ground [13]. By using cooperative feeding, a linear array was also proposed to attain a high gain for the mm-wave patch antenna [14]. In addition, other mechanisms have been used in the literature to improve the radiation characteristics of microstrip antennas for mm-wave devices, such as electromagnetic band gap structures (EBG) [15], defected ground surface (DGS) structures [16], frequency-selective surfaces (FSS) [17], and near-zero-index metamaterial structures [18].



Good multiband antenna performance is necessary to accommodate many wireless services spread across a wide frequency range [19,20]. The inclusion of many communication protocols in a single compact system has piqued the interest of many researchers [21]. However, as an antenna is a hardware device that operates on a fixed resonance frequency, there are a few critical limitations in exploring other working bands. Even though the multiband functioning of an antenna is accomplished via the use of various techniques, it is difficult to achieve a high performance while clearing bandwidth constraints and meeting possible gain in all coverage bands with a compact antenna size in classical antenna design technologies and conventional antennas. Numerous mechanisms employed in advancing a patch antenna for quadband operation have been published in the literature. A quadband antenna for mobile communication was designed by a combination of three quarter-wavelength monopole antennas resonating at 0.4 GHz, 0.9 GHz, 1.6 GHz, and 2.75 GHz [22]. A compact microstrip antenna with three L stubs and a combination of inverted L and T stub shapes resonating at 2.54/3.5/4.38/5.3 GHz quadband frequencies was reported in [23]. Circularly polarized quadband antenna was proposed by integrating a ring, stubs, and an open-ended C-shaped slot in the ground surface was presented [24]. A quadband antenna which resonated at 1.78 GHz, 3.28 GHz, 4 GHz and 4.3 GHz was configured by using a metamaterial-inspired defected ground structure in [25]. A quadband mm-wave dielectric resonator antenna propagating at 28 GHz, 34 GHz, 38 GHz, and 42 GHz with enhanced gain was proposed in [26]. In [27], the authors introduced a four-port quadband mm-wave MIMO antenna that resonated at 28 GHz, 43 GHz, 52 GHz, and 57 GHz. A multiband circularly polarized planar antenna operating at 28 GHz, 38 GHz, 60 GHz, and 73 GHz for 5G and WiGig applications by applying a square-slot antenna fed by a proximity-coupled microstrip line and loaded by a grounded square loop and three tilted angle strips was reported in [28] and a similar design using a cross-slot on the patch for multiband operation was described in [29]. These methods were sophisticated, and the corresponding proposed antennas also had a complicated structure. Multiband antennas were modeled using a variety of optimization algorithms such as autocontext broad learning system [30], deep Gaussian process model [31], and genetic algorithms [32]. The author of [33] described a multiband antenna at mm-wave frequency that employed a binary-code genetic algorithm with a rectangular cell. Further improvement on the performance of mm-wave antennas by using autonomous optimization algorithms is essential and a challenging research field.



In contrast, this research presents a quadband patch antenna improvement for mm-wave frequencies with increased gain, impedance bandwidth, and directivity utilizing a binary-coded genetic algorithm. The algorithm was employed on the patch surface by manipulating the gridded rectangular cells to generate different shapes. High-Frequency Structure Simulator (HFSS) software in combination with MATLAB was used to examine and simulate the proposed antenna. MATLAB was employed to write and analyze the authors’ defined binary-coded genetic algorithm. Since HFSS can read VBS code, the algorithm repeatedly delivered the information of the newly created individual antennas and saved them in the form of a Visual Basic Script (VBS) file. Then, HFSS invoked the created VBS file and converted the details of the antenna parameters into the antenna model and validated it. HFSS simulated and computed the modeled antenna performance for specific parameters. The resulting performance of each individual antenna was immediately exported to the main genetic algorithm function in MATLAB. At each computation, the antenna performance was sent to the genetic algorithm optimizer code, which was written in MATLAB. The algorithm began evaluating the fitness function, ranking the individuals based on the fitness value, and picking the parents for the next generation.




2. Antenna Modeling


Despite certain drawbacks, the microstrip patch antenna is likely the most successful and groundbreaking antenna technology since it offers various significant advantages over other types of antennas. The substrate, radiating patch, and ground plane are the three fundamental layers of a microstrip antenna. It can be built as a metallic patch on top of the dielectric substrate, with a ground plane beneath the dielectric layer. In the design of a microstrip antenna, the radiating patch can have a variety of geometries. However, rectangular and square patch antennas are the most frequent due to their simplicity of analysis and fabrication, as well as their appealing radiation properties. In this antenna modeling, a proposed microstrip patch antenna was designed on a 15 mm × 15 mm size RT/duriod-5880(tm) substrate. It is a dielectric substance designed for better electrical and mechanical stability in radiating patches. It can also assist in the generation of displacement current, which generates a magnetic field that changes over time. The substrate has a 2.2 dielectric constant, 0.0009 tangent loss, and 0.5 mm thickness. The initial dimensions of the reference model were calculated using the standard formula presented in [34]. However, the antenna with the estimated dimensions did not have sufficient antenna performance at the desired frequency bands. Therefore, a parametric study was used to fine-tune the dimensions of the radiating patch. Accordingly, the patch’s length was varied in four stages from 7.6 to 8.2 mm, while its width was adjusted in 0.2 mm step sizes from 9.2 to 9.8 mm. When the antenna resonated and performed well around 38 GHz, the optimal patch length was 0.73  λ  and the patch width was 0.9  λ . The microstrip line-feeding technique was used in this research because it is straightforward to analyze and easy to build utilizing photoetched technology on dielectric material to excite the radiating patch. A 50  Ω  microstrip feed line with dimensions of 3.4 mm × 0.9 mm was connected to the patch. A designed feed line employed a two-stage transition for impedance matching. The reference antenna model and its optimal size are presented in Figure 1. It was used for the patch geometry optimization with a binary-coded genetic algorithm.




3. Optimization Procedure


Antenna optimization and design are influenced by several elements, including operating frequencies, size, radiation pattern, gain, directivity, and others. The employment of autonomous algorithms in antenna optimization has grown significantly to solve the intricate and continuously developing problem of antenna technologies. Optimization using genetic algorithm is based on natural selection whereas it selects the fittest individuals to create offspring for the next generation. It is a search technique that handles a large number of optimum and approximated solutions from the solution space. In a binary-coded genetic algorithm, a gene is a binary bit with a value of “1” or “0”, the chromosome is a string of bits that represents an individual, and an individual is a single candidate solution drawn from the solution space [35]. In the search space, a population is a collection of individuals at any particular time. When the population size clustered as a single generation becomes large, the algorithm has more search space. However, it requires much more computational cost, memory, and time. The first generation is produced by a random process, while subsequent generations are produced by more fit and chosen individuals who have a higher likelihood of producing better offspring as reflected by the cost. Crossover and mutation operations are used to increase the population diversity [36]. The operator in charge of performing reproduction from two selected individuals is the crossover operator. In contrast, a mutation is used to increase the population diversity. This iterative technique produces successive generations until a stopping condition is met [37]. Figure 2 depicts a flowchart of the genetic algorithm implementation procedure applied in the antenna optimization.



The patch surface can be partitioned into several geometric forms, such as circular shapes, as seen in [19]. However, rectangular cells are ideal for addressing the entire patch surface with on and off characteristics. The number of genes on a chromosome has a significant impact on computing time, the number of potential candidate solutions in the search space, and the performance of best-fit individuals. For instance, the authors in [33] offered 8 × 8 gridded rectangular cells for a dual-band antenna optimization, while the authors in [38] also presented 10 × 10 cells for a triband antenna optimization. However, the main concern of this algorithm in our optimization was searching for the best-fitted individuals from the given solution space. As a consequence, the reference antenna’s patch surface was divided into 6 × 6 small, random, and uniform rectangular cells to improve the patch shape, as shown in Figure 3.



A binary coding scheme defines each cell’s conducting and nonconducting features. If the cell is conducting, a binary “1” is assigned to the associated gene, whereas a nonconducting gene is represented by a binary “0” [39]. The nonconducting surfaces were eliminated from the radiating patch sections, and the only geometry visible on the patch geometry was the combination of conducting cells. On each extensive iteration, the combination could generate a new structure of patch antenna. Following the establishment of these critical features of the genetic algorithm, the other critical component of the algorithm, the fitness function, should be specified. The fitness function may differ depending on the goals for which the antenna is optimized. The ultimate focus of this improvement is to create a single-element patch antenna that resonates at four unique mm-wave bands with an increased bandwidth at each band. When adopting    S 11  ≤ − 10 d B   as the operational bandwidth, the cost function is intended to lower the reflection coefficient for each working band while increasing the operating bandwidth. As a result, the fitness function was developed as follows:


  F i t n e s s F u n c t i o n =   − 1  N   ∑  i = 1  N   S 11   (  f i  )   )   



(1)




where   S 11 (  f i  )   was designed as:


   S 11   (  f i  )  =       S 11   (  f i  )      i f     S 11   (  f i  )  ≥ − 10 d B       − 10 d B     i f     S 11   (  f i  )  ≤ − 10 d B       



(2)




where N is the number of sample frequencies in each band,   f i   is the sample frequency at each 100 MHz interval and   S 11 (  f i  )   is the reflection coefficient of the antenna.



Table 1 organizes and summarizes the genetic algorithm optimization setup.




4. Results and Discussion


The simulation converged after 40 iterations, as shown in Figure 4a, and the iteration continued for the next 60 generations to demonstrate the consistency of the convergence. Finally, Figure 4b depicts the best-fitted individual antenna based on the algorithm. The solution space had a capacity of 236 = 6.8 × 1010 individuals in it. If the computing time of each individual design was 1 s, the overall computation time to find the best-fitting individual would be 2.1 × 103 years. However, owing to the application of the genetic algorithm, the best-fitted individuals were picked in only 40.3 h while utilizing a computer with a core I7, 8 GB RAM, and 2.7 GHz of processing speed.



Both the reference model and the genetically engineered antenna were simulated using ANSYS HFSS. The reference antenna resonated at a single frequency of 38 GHz and had a covered impedance bandwidth of 1.2 GHz. The peak   S 11   value of the reference model at 38 GHz was −38.4 dB, whereas the antenna’s maximum directivity was 6.1 dB. Since the reference model was created using the idea of a traditional microstrip antenna model, the results were anticipated. On the other hand, the proposed genetically optimized antenna worked at four distinct frequencies: 28.3 GHz, 38.1 GHz, 46.6 GHz, and 60.0 GHz. The outcomes demonstrated that the antenna’s bandwidth was also improved.



As shown in Figure 5, the antenna operated in a quadband, with a peak value of return loss S11 = −21.4 dB at 28.3 GHz, S11 = −18.1 dB at 38.1 GHz, S11 = −13.8 dB at 46.6 GHz, and S11 = −22.1 dB at 60.0 GHz. The lower the reflection coefficient value, the better the antenna’s performance, which implied it reduced the reflected power to the source while increasing the radiated power from the surface. When S11 < −10 dB was taken into account, the bandwidth improvement of the antenna in the operating bands was visible. At a 28.3 GHz center frequency, the antenna had a fractional bandwidth of 3.2% or 0.9 GHz, 6.0% or 2.3 GHz, 3.4% or 1.6 GHz, and 11.1% or 6.7 GHz at 28.3, 38.1, 46.6, and 60.0 GHz, respectively. A total of 11.5 GHz of bandwidth was attained by the proposed antenna, and the bulk of the operating bands were situated close to the central frequency of 60 GHz. It is highly important for a number of bandwidth-hungry systems, such as wireless sensor networks and other short-range broadband applications that operate in that band.



All operational bands (27.9 GHz–28.8 GHz, 37.1 GHz–39.4 GHz, 45.9 GHz–47.5 GHz, and 57.8 GHz–64.5 GHz) had a voltage standing wave ratio (VSWR) of less than two. VSWR values at 28.3 GHz, 38.1 GHz, 46.6 GHz, and 60 GHz were, respectively, 1.18, 1.28, 1.51, and 1.45. As a result, it could be shown that there was a good chance of matching or just a slight mismatch loss at the antenna’s feed in four resonant bands.



To have the maximum radiated power at the patch, the conjugate of the antenna input impedance and the transmission line characteristics impedance should be matched. Figure 6 displays the real and imaginary input impedance plot of the optimized antenna. By adjusting the transnational arm’s length in the microstrip feed line and optimizing the patch design during each iteration, a maximum power transmission was attained in this paper. It demonstrated that there were only minor differences between the antenna’s input impedance and the characteristic impedance of the transmission line. The input impedance of the engineered antenna was 44.31 + j5.64 at 28.3 GHz, 44.10 − j10.28 at 38.1 GHz, 65.65 − j18.39 at 46.6 GHz, and 51.92 + j7.95 at 60.0 GHz, as shown in Figure 6. Despite having a low reactance value, their real impedance value was close to the characteristic impedance. The findings indicated that the antenna and transmission line were nearly matched.



The directivity and gain were better than those of the reference model and sufficient for mm-wave wireless applications. The antenna’s 3D gain plot at four operational frequencies is shown in Figure 7. The antenna’s maximum gain was 8.6 dB at 38.1 GHz. At 60.0 GHz, the optimized antenna minimum gain was observed as 6.9 dB, which was better than that of the conventional (reference) microstrip antenna model. The 3D gain pattern illustrated that its radiation pattern was almost broadside with slight distortions at a certain angle in higher-frequency bands (60.0 GHz). The optimized antenna also attained a 7.7 dB gain at 28.3 GHz and 7.2 dB at 46.6 GHz.



Figure 8 depicts the antenna’s directivity pattern in the planes of   θ =  0 0    and   ϕ =  90 0   , which was almost projected in a broadside orientation. Furthermore, a directivity enhancement in all working bands was observed. At 38.1 GHz, the maximum peak directivity of the optimized antenna was 8.8 dB at   θ =  0 0   , while at 28.3 GHz, 46.6 GHz, and 60.0 GHz, peak broadside directivity values of 7.8 dB, 7.3 dB, and 7.1 dB were observed, respectively.



The antenna’s total efficiency and radiation efficiency are additional crucial metrics to describe an antenna’s performance. The mismatch loss is not taken into consideration by the radiation efficiency; however, it is by the total efficiency, which is the product of the radiation efficiency and the mismatch loss. The radiation efficiency of the improved antenna was 96.3%, 95.4%, 97.7%, and 94.8%, respectively, at 28.3 GHz, 38.1 GHz, 46.6 GHz, and 60.0 GHz, as depicted in Figure 9. However, the mismatch loss at resonant frequencies had little impact on the overall efficiency. In light of this, the improved antenna had a total efficiency of 95.8 % at 28.3 GHz, 93.8% at 38.1 GHz, 93.4% at 46.6 GHz, and 94.2% at 60.0 GHz, respectively. The efficiency of an antenna determines how much energy is radiated or lost in terms of heat or in other ways. The optimized antenna received the maximum power from the sources available in accordance with the input impedance matching description, and the efficiency parameter also revealed that the received power immediately converted to radiation energy with minimal dissipation. This increased the antenna’s energy efficiency and made the proposed antenna appropriate for mobile and sensor network in mm-wave wireless communication systems’ quadband applications.



Figure 10 depicts the surface current distributions of the entire patch antenna to further clarify the quadband operation properties of the optimized antenna at 28.3, 38.1, 46.6, and 60.0 GHz. The graphic clearly shows that the current distributions differed across the four bands. The patch’s surface’s current distribution path enabled the antenna to resonate at various frequency bands. The majority of the current distributions were located near the feed point and the cell’s edges on the optimized patch surface.




5. Comparison with Related Works


Almost all of the related works mentioned in the literature employ a complex antenna structure to generate a quadband. For instance, [20,27] employed sophisticated superstrate and slots structures for quadband creation. In contrast, this work employed a very simple antenna structure that was simple to model and manufacture. The optimized antenna performance were compared with several relevant works in the literature, as shown in Table 2. Accordingly, a 4 × 4 hexagonal patch MIMO antenna operating in a quadband achieved a peak gain of 8.0 dB [27]. The bandwidth of the antenna, on the other hand, received less attention. At the same time, that antenna had a low directivity in comparison to that of this study. Furthermore, using a single optimized antenna, this study achieved a gain slightly higher than their maximum gain. A work presented in [23] achieved a peak gain of 1.98 dB in microwave frequencies, but the gain was significantly lower than that of our optimized antenna. To achieve quadband operation, the authors of [26] employed a dielectric resonator antenna (DRA) with a slotted ground plane and superstrate. The DRA achieved an overall antenna bandwidth of about 10 GHz. However, our proposed antenna outperformed the DRA by achieving a bandwidth broader than 11 GHz. When compared to previous relevant studies, the uniqueness of this work can be seen in the improvement of bandwidth, gain, and directivity of a single antenna with quadband frequency operation using a binary-coded genetic algorithm optimization. Moreover, the antenna performance is sufficient for mm-wave wireless communication.




6. Conclusions


In this article, the optimization of a quadband microstrip antenna for mm-wave wireless communication employing a genetic algorithm was presented. The proposed antenna resonated at four distinct bands: 27.9 GHz–28.8 GHz, 37.1 GHz–39.4 GHz, 45.9 GHz–47.5 GHz, and 57.8 GHz–64.5 GHz. In all the operating bands, a genetically optimized microstrip antenna performed admirably, attaining a maximum bandwidth of 6.7 GHz at 60.0 GHz with a 7.1 dB directivity and a maximum directivity of 8.8 dB at 38.1 GHz with a 2.3 GHz of bandwidth. A comparison was conducted using related research works presented in the literature to benchmark this antenna. In addition to having sufficient bandwidth, gain, and radiation pattern, the proposed antenna was efficient. As a result, it is a strong contender for wireless mm-wave applications. The paper also demonstrated that a binary-coded genetic algorithm was an excellent candidate for improving the multifunctionality of microstrip antennas with less complexity.
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Figure 1. (a) Reference patch antenna model on a substrate (h = 0.5 mm,  ϵ r = 2.2, tan δ  = 0.0009) (a) top view, (b) side view. 
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Figure 2. Flowchart of genetic algorithm implementation in antenna optimization. 
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Figure 3. Placement of 36 rectangular cells on a rectangular patch surface. 
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Figure 4. (a) Genetically optimized patch geometry, (b) average fitness value vs. number of generation. 
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Figure 5. Simulated results of S11 for genetically optimized antenna and reference model. 
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Figure 6. Real and imaginary input impedance plot versus frequency. 
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Figure 7. The 3D gain plot of the proposed antenna in dB (a) at 28.3 GHz, (b) at 38.1 GHz, (c) at 46.6 GHz, and (d) at 60.0 GHz. 
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Figure 8. The 2D radiation pattern plot of the proposed antenna in dB (a) at 28.3 GHz, (b) at 38.1 GHz, (c) at 46.6 GHz, and (d) at 60.0 GHz. 
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Figure 9. Total efficiency and radiation efficiency of the optimized antenna. 
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Figure 10. Surface current distribution of genetically optimized antenna (a) at 28.3 GHz, (b) at 38.1 GHz, (c) at 46.6 GHz, and (d) at 60.0 GHz. 
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Table 1. Genetic algorithm optimization setup.
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	No.
	Parameter
	Values





	1
	Population size
	30



	2
	Genes in a chromosomes
	36



	3
	Maximum number of generations
	100



	4
	Type of Crossover
	Single-point



	5
	Crossover Probability
	0.8



	6
	Mutation
	Single-bit



	7
	Rate of Mutation
	0.01



	8
	Selection method
	Tournament
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Table 2. Performance comparison of the proposed antenna with other mm-wave antennas.
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	No.
	Paper
	Patch Size

in    λ 2   
	Resonant

freq. (GHz)
	BW in GHz

(    S 11  ≤ − 10    dB)
	Directivity

(dB)
	Gain

(dB)
	Techniques





	1
	[6]
	0.74 × 0.79
	28
	0.3
	6.7
	-
	U-shaped



	
	
	
	38
	0.5
	7.9
	-
	slot



	2
	[20]
	0.47 × 0.46
	28
	0.84
	7.3
	6.8
	Slotted



	
	
	
	38
	0.37
	7.5
	7.2
	patch



	
	
	
	61
	0.9
	6.9
	6.3
	geometry



	3
	[23]
	0.2 × 0.25
	2.54
	0.24
	-
	Maximum
	Added



	
	
	
	3.51
	0.28
	-
	gain
	inverted L



	
	
	
	4.38
	0.2
	-
	1.98 dB
	and T



	
	
	
	5.3
	0.57
	-
	at 2.54 GHz
	stub



	4
	[26]
	1.12 × 1.02
	28
	Total
	-
	6.9
	DRA with



	
	
	
	34
	around
	-
	7.4
	slotted



	
	
	
	38
	10
	-
	8.5
	ground and



	
	
	
	42
	GHz
	-
	7.5
	superstrate



	5
	[27]
	0.93 × 1.68
	28
	0.6
	-
	7.3
	4 × 4



	
	
	
	45
	2
	-
	7.03
	hexagonal



	
	
	
	51
	1.8
	-
	7.2
	patch



	
	
	
	57
	1.3
	-
	8.0
	MIMO



	6
	This work
	0.73 × 0.9
	28.3
	0.9
	7.8
	7.7
	Genetic



	
	
	
	38.1
	2.3
	8.8
	8.6
	algorithm



	
	
	
	46.6
	1.6
	7.3
	7.2
	



	
	
	
	60.0
	6.7
	7.1
	6.9
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